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Abstract 
The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) Otway Project in the onshore Otway Basin, 
Victoria, is Australia’s first pilot project for the long term sequestration of CO2. The Otway Project has injected 65,445 tonnes of 
a mixed CO2-CH4 supercritical fluid (77 mol% CO2, 20 mol% CH4, 3 mol% of minor wet gases and N2) some 2000 m below the 
surface into the Waarre Formation, which is capped by the Belfast Mudstone regional seal. The site has been comprehensively 
characterised by a multidisciplinary team and the risk analysis has shown the likelihood of leakage out of the injection horizon – 
let alone to the land surface – to be exceedingly low. Nevertheless, the objectives of the CO2CRC through the Otway Project are 
not only to demonstrate safe CO2 injection, but also to develop new methodologies for monitoring and verification (M&V) of 
carbon storage that might apply to future commercial scale injection. At Otway, this involves M&V at the reservoir level and 
Assurance Monitoring, in the shallow subsurface (aquifers and soils) and the atmosphere. The groundwater monitoring system 
represents the most comprehensive system for monitoring freshwater in the vicinity of a CO2 storage demonstration to date. 
Monitoring the groundwater is of particular significance in demonstrating the ongoing integrity of natural resources to the general 
community.  
 
The first benchmark of any monitoring system is the establishment of a baseline from which to define natural variations in the 
system prior to injection. At Otway the natural baseline is complex due to the influence of the Port Campbell Limestone 
immediately below the soil zone. Since June 2006, groundwater levels and composition have been monitored at 21 bores 
completed in the unconfined Port Campbell Limestone aquifer, and 3 bores completed in the deeper confined Dilwyn aquifer. All 
monitoring wells are located within 10 km of the CRC-1 injection well. The groundwater program includes i) biannual 
geochemical sampling to establish groundwater composition; ii) monitoring of water levels to determine seasonal variations to 
formation water flow rate and direction; and iii) headspace gas sampling of the Dilwyn aquifer to detect tracer compounds and 
CO2 content. This monitoring is necessary to establish the connectivity and fluid migration timescales of the fresh water aquifers 
and to understand the water-rock interactions and resulting fluid composition. 
 
The assurance monitoring team works closely with government agencies and landowners and provides data as required. 
Community engagement has been vital to the success of the program and considerable effort goes toward keeping landowners 
informed of our activities and minimizing disruption to their properties. To date, the groundwater component of the assurance 
monitoring program has not detected any perturbation in the baseline condition as a consequence of CO2 injection. It is important 
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to note that this does not necessarily indicate containment; it does however provide assurance to the community and regulators 
that the natural resources have not been impacted by the CCS activities and can continue to be used safely. 
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1. Introduction 
The CO2CRC Otway project is located in rural southern Victoria, Australia. Groundwater here is used for 
irrigation, dairy and domestic purposes and is sourced from two aquifer systems. These are the unconfined to semi-
confined Port Campbell Limestone (PCL) and the confined Dilwyn Formation (Figure 1). These units are well 
above the target reservoir, the Waarre Formation, and separated from it by more than 1100 m of mixed 
aquifer/aquitard systems (Figure 1). Rigorous characterization of the site indicated that the likelihood of injected 
CO2 moving from the target reservoir to either of these aquifers was remote. Nevertheless, as the PCL is used 
extensively throughout the area and the Dilwyn Formation has previously, and will likely again, serve as urban 
water supply, there is strong community interest in demonstrating the ongoing integrity of these resources parallel to 
the injection and migration of the CO2.  
 
 
Figure 1 Hydrostratigraphic section of the Port Campbell Embayment (Modified after: Cultus Petroleum, 1997). 
1. Sampling Program 
The baseline acquisition program for the two key aquifers commenced in June 2006 with data from five sampling 
trips obtained before CO2 injection began in March, 2008. The project did not include drilling of specific water 
monitoring bores so the best use of the existing bores had to be made. In addition, existing bores in the deeper, 
confined Dilwyn Formation were not located in the predicted pathway for moving CO2 gas nor in the existing water 
flow direction for CO2-rich water. Nevertheless, the continued monitoring of these bores would provide 
demonstrable continuity of hydrogeologic and geochemical parameters pre- and post- injection and was considered 
c⃝ 2011 Published by Elsevier Ltd.
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an important component of community assurance. Extensive negotiations were entered into with the state water 
departments and with the members of the community who would be required to allow regular access to their 
property. One of the conditions of access was the return of field analyses data obtained to the state monitoring 
departments for storage in their public database and of the water chemistry data to the landowners.  
 
Monitoring consisted of biannual water sampling and the installation of continuous water level loggers in all 
suitable bores. There are 28 sampling stations, including stock, household, irrigation and monitoring bores, however, 
the number of water samples collected each trip can change due to varying ease of access. The bores are mostly 
located within a three km radius of the CRC-1 gas injection well (Figure 2) and are generally shallow (<100 m 
deep). Three deep water bores (Stations J, V and W on Figure 2), accessing the Dilwyn Formation, are sampled at 
depths of 800-850 m. Unfortunately these are located several km away from the injection and monitoring wells. At 
each site the pumped water is monitored for pH, Eh, EC, dissolved oxygen and temperature until stable values are 
recorded. Field values for alkalinity and reduced iron (Fe2+) are also obtained by titration and spectophotometry, 
respectively.  
 
There are six open bores that are therefore suitable for continuous water level logging. These are the three 
Dilwyn Formation monitoring bores (J, V, W), two PCL monitoring bores (H, I) and one privately owned PCL bore 
(R). One of the Dilwyn Formation bores also has a barometric logger installed for barometric pressure 
compensation. In addition we have recently (post-injection) installed an EC probe in the privately owned bore. 
There have been four post-injection sampling trips to date and two more are planned before the end of this phase of 
the assurance monitoring program. The headspace above the standing water level in the three Dilwyn Formation 
bores is also sampled periodically. The data from this type of analysis are considered of low significance as the 
initial results suggest CO2 measurements are impacted by perturbations in the air column related to sampling.  
 
 
Figure 2 Location of bores sampled for the groundwater baseline characterization, Otway Project. Bores J (north-west), ZB (west), V and W 
(east) are deep bores screened in the Dilwyn Formation aquifer; all other bores are screened in the Port Campbell Limestone. 
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2. Hydrogeology 
The Otway Project sits within the Port Campbell Embayment [1]. It is an onshore basement low infilled with 
thick Late Cretaceous and Tertiary sediments. The surface expression of the Port Campbell Embayment is a broad 
symmetrical synclinal trough, which pitches gently to the southwest [2]. The topography is flat, with elevation less 
than 150 m above sea level. The data from each of the CO2CRC monitoring stations is examined individually for 
long and short term variations and combined with other regional monitoring stations to create potentiometric surface 
maps that quantify flow rates, flow directions and other hydrogeological parameters.  
 
The PCL is an unconfined aquifer that outcrops extensively throughout the Port Campbell Embayment and is 
exposed almost continuously along the coastal cliffs (Figure 2). It contains the water table across much of the Otway 
Basin. The groundwater generally contains less than 1000 ppm total dissolved solids, but tends to be “hard” due to 
limestone dissolution. There is a great deal of lithologic heterogeneity and the limestone tends to be karstic, i.e. a 
double porosity medium with both intergranular and fracture porosity, which is anisotropic with respect to hydraulic 
conductivity [2]. Yields from the aquifer are variable due to the karstic nature of the aquifer and range from 1 to 25 
L/sec [1]. The thickness varies significantly across the basin, but is about 150 m thick in this area. It is underlain by 
approximately 300 m of low permeability calcareous clays comprising the Gellibrand and Narrawaturk marls. 
 
The PCL has been extensively developed for stock and domestic supplies within the project area, although 
extraction is largely unregulated. Recharge to the aquifer is through outcrop and leakage from overlying Pliocene 
sands, considered to be seasonal (winter and spring), although the volume is unknown. Regional flow is south-
westerly, with discharge occurring locally in topographic lows and at the coastal cliffs. The hydraulic conductivity is 
estimated to be between 10-2 m/d to 102 m/d, transmissivity is generally less than 1000 m2/d [3]. Flow paths are 
estimated to be of the order of 30 km with a catchment area of <20,000 ha [3]. Annual rainfall in the area is between 
800-1000 mm.  
 
The baseline reduced water levels (RWL), i.e. relative to the Australian Height Datum, recorded prior to injection 
for the Port Campbell Limestone are shown in Figure 3. The spikes recorded in this data (as for the Dilwyn Aquifer 
data, discussed later) represent times when the logger was removed from the borehole for downloading. The 
temperature measured in these three shallow bores is constant (~15 °C) at the point of measurement over time, but 
does not reflect the temperature within the screened aquifer as the logger is located 13m below the standing water 
level. 
 
Average monthly rainfall is included in Figure 3 for comparison. It can be seen that this bore, Station H, shows a 
slight, delayed response to rainfall, suggesting the aquifer is somewhat confined at this location. In spite of the 
response to rainfall, the unregulated groundwater use and the karstic nature of the Port Campbell Limestone, the 
overall potentiometric surface for the aquifer in this area is consistent over time and independent of seasonal 
variations. Flow is directed southwestward towards the coast. The mechanisms controlling flow are a combination 
of the topography of the water table and the permeability. 
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Figure 3 Reduced water level (RWL) and average monthly rainfall data for Bore 141240, PCL Aquifer (Station H). 
The Dilwyn Formation Aquifer is a nearshore marine sand [4], and is predominantly sandstone with some shale 
with occasional interbeds of carbonate-cemented sandstone. The hydraulic conductivity of the Dilwyn Formation 
Aquifer is estimated to be between 10-2 m/d to 102 m/d, transmissivity is generally less than 1000 m2/d [2]. The 
hydraulic gradient is low to very low, with estimated flow path length of up to 30 km. The catchment size is 
estimated to be <20,000 ha [2]. The volume of recharge is unknown, but is likely associated with areas of outcrop at 
the margins of the basin. There is likely to be some leakage from overlying formations and cross-formational flow. 
The regional flow direction is southwestward towards the coast. Using the effective porosity and hydraulic 
conductivity values determined by Bush (2009) [5], the Darcy flow velocity through this aquifer in this area is 
between 4 and 10 cm/day. The Dilwyn Formation is intersected by a number of faults, however the juxtaposition 
relationship of these faults is sand-on-sand and it is unlikely that they represent lateral barriers to flow. 
Mineralogical analyses on two Dilwyn Formation core samples to date have shown that the unit is predominantly 
quartz, feldspars and carbonates (<2%), chlorite, kaolinite and pyrite with small percentages of rutile (TiO2), zircon 
(ZrSiO4) and apatite (Ca5(PO4)3(F,Cl,OH)). 
 
The reduced water level hydrographs for the Dilwyn Formation (not shown here) show some limited response to 
rainfall, with annual hydraulic head ranges of the order of 10 cm. It is considered the thickness of the regional seal is 
sufficient to absorb any pressure build-up associated with the injection of CO2. This is evident in the lack of 
perturbation seen in the water levels associated with either the drilling of the injection well or the subsequent 
injection and migration of CO2. Further analysis of the Dilwyn Formation hydrographs is necessary to determine 
their sensitivity to pressure perturbations.  
3. Pre-Injection Water Composition 
The analysis of groundwater composition consisted of field determinations of pH, Eh, electrical conductivity 
(EC), dissolved oxygen (DO), temperature (T), reduced iron (Fe2+) and alkalinity (HCO3- or dissolved inorganic 
carbon, DIC). In the laboratory, concentrations of Ag, Al, As, Au, B, Ba, Be, Bi, Br-, Ca, Cd, Ce, Cl-, Co, Cr, Cs, 
Cu, Dy, Er, Eu, F-, Fe, Ga, Gd, Ge, Hf, Hg, Ho, I-, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, NO3-, Pb, Pd, 
PO43-, Pr, Rb, Rh, Ru, Sb, Sc, Se, Si, Sm, Sn, SO42-, Sr, Ta, Tb, Te, Th, Ti, Tl, U, V, W, Y, Yb, Zn, and Zr were 
determined on 0.45 m filtered aliquots. In addition, the C and O isotopic compositions of DIC (13C(DIC) and 
18O(DIC)), the S (and for selected samples also O) isotopic compositions of dissolved sulfate (34S(SO42-) and 
18O(SO42-)), and the H and O isotopic compositions of water (2H(H2O) or D(H2O) and 18O(H2O)) were 
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determined. A comprehensive quality control/quality assessment program was deployed to monitor precision and 
bias [6]. 
 
Groundwater composition in the Port Campbell Limestone aquifer is relatively homogenous (21 bores, 80 pre-
injection samples), being fresh (EC 801-3880 S/cm), cool (T 12.9-22.5 °C), near-neutral (pH 6.6-7.4) and 
dominated by Ca2+ to Na+ for cations, and by Cl- to HCO3- for anions. The Dilwyn Formation groundwater (three 
bores, six pre-injection samples) is fresher (EC 535-1473 S/cm), more alkaline (pH 7.5-9.4) and more variable in 
composition with cations dominated by Na+, and anions dominated by Cl- to HCO3-. Median groundwater 
compositions for each aquifer were determined, and the average composition and standard deviations were 
calculated and documented for each bore (or Station). Comparison of future data with these pre-injection averages 
and standard deviations will allow precise quantification of any changes that may occur. 
 
The O and H isotopes of the groundwaters in both aquifers show them to be slightly affected by 
evapotranspiration. The vast majority of the groundwater samples are in thermodynamic equilibrium with calcite. 
Bacterial sulfate reduction and halite dissolution are not important processes controlling the composition of those 
samples. Only one of the deep bores (Station V) and one of the shallow bores (Station I) can be characterized as Na-
HCO3- compared to other major ions (e.g. Cl-). The reasons behind this are not fully understood, but this finding 
contrasts with an earlier, more regional study of the Wangerrip Group (which includes the Dilwyn Formation) that 
found the contained groundwaters to be evolving toward the Na-HCO3- type (Blake, 1980). Most groundwater 
components are stable with time, although some bores show fluctuation in some parameters with season (e.g., 
temperature, Fe, Fe2+). The most critical parameters in the CCS context, such as pH, HCO3- and 13C, though, show 
similar levels and variabilities post- injection compared to pre- injection, indicating that groundwater data does not 
provide evidence for a change in water conditions over the period of monitoring to date..Sr concentrations and Sr/Ca 
ratios appear to reflect heterogeneities within the aquifer where increased Sr content is associated with the presence 
of carbonate minerals in the Port Campbell Limestone. 
 
The groundwaters were also analysed for the presence of tracers, SF6, Kr and CD4, which have been added to the 
injected CO2 stream. The compound CD4 is not a naturally occurring substance and laboratory analyses of all tracers 
were null, within analytical error, as expected, both prior to and post-injection.  
4. Pre- and Post- injection 
There have been four post-start of injection sampling trips to date. Data analysis is ongoing, however the 
preliminary results suggest there is no discernible impact from the injection and migration of the CO2 in either the 
hydrogeological or geochemical parameters being monitored.  
 
Time series distributions of key elements, such as pH or HCO3-, have been created to calibrate variations in the 
key parameters both spatially and temporally pre- and post- injection. Determination of the baseline composition of 
the groundwater of each of the two aquifers includes taking into account seasonal or annual variations. This is 
particularly important for the Port Campbell Limestone as the water table is only a few metres below the surface. In 
addition, the aquifer is constantly being depleted and recharged via rainfall and the seasonal extraction requirements 
of the local industry, most significantly the dairy farms. The time-dependent changes in groundwater chemistry can 
be studied by linear regression or by analysing time-series plots. The former method allows easy statistical 
treatment, but can miss non-linear trends, such as seasonal variations. The latter method can reveal non-linear 
transient behaviour but is less easily amenable to mathematical or statistical treatment. Figure 4 shows the (a) pH 
and (b) HCO3- time series data for three stations monitoring the PCL. It can be seen that there is little significant 
variation between the data defining the pre-injection baseline, the period of injection and the initial post-injection 
data.  
 
Linear regression analysis of the combined data for each parameter from all bores sampled three or more times 
during the pre-injection monitoring period (i.e., most of the shallow bores) was undertaken. There was not enough 
data collected from the deep bores to permit meaningful regression analysis and so the Dilwyn Aquifer is excluded 
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from this analysis. The key changes are an increase in Ni concentration (significant in 12 of the 17 most sampled 
bores), followed by the decreases in Se (in 9 bores), V (8) and Ba (6) concentrations. The other changes occur in 3 
or fewer bores, and therefore may be seen as more erratic than systematic, possibly related to sampling or analysis. 
All other parameters do not show significant and/or systematic trends in the data; this includes pH, temperature, 
electrical conductivity, major cations and anions, and many trace elements. It should be noted here that 
concentrations below 0.010 mg/L should be treated with caution because they are quite close to the lower level of 
detection (LLD). 
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Figure 4 Time series data for three stations from the PCL showing (a) pH and (b) HCO3- pre-, during and post- injection 
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To complement the time-series plots, a set of maps were prepared to determine the baseline for any spatial trends 
in the groundwater composition within the monitoring area. Averaged data from those shallow bores that are closely 
spaced was interpolated to generate maps that give an idea of the trends in water chemistry over the central project 
area using a geographical information system. Details of the bores selected and of the spline interpolation method 
are given in Caritat et al. (2009) [6]. As previously stated, data for the deep Dilwyn Formation is limited to 3 
spatially distant bores, so this analysis was carried out for the Port Campbell Limestone data only. The Port 
Campbell Limestone is predominantly a limestone formation. A plot of the average HCO3- distribution over the area 
shows that the pre-injection HCO3- values range from 371 mg/L to 635 mg/L, with highest values observed at the 
most centrally located Stations (Figure 5). The data appear to show a trend of increasing HCO3- concentration in a 
southwestward direction, broadly towards the coast. This trend is at least partly due to an increase in salinity (or EC) 
of the groundwater in that direction, which may be associated with localised enhanced evapotranspiration, or a 
function of the underlying soils or geology. This work has been completed for the baseline data and will be 
continued for key parameters from the post-injection data. 
 
 
Figure 5 Spline interpolation of averaged HCO3- concentrations for PCL bores, trips 1 to 5. Classes used are quartiles. 
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In summary, most parameters recorded remain within 3 standard deviations of the baseline averages for most 
bores, indicating no significant change since injection began. Some water samples collected after March 2008, 
however, stray outside those bounds. These deviations are likely the result of sampling procedure. To enhance the 
data set, a single EC probe has been installed in one of the Port Campbell Limestone bores post-injection. The EC 
data recorded to date shows little perturbation as expected from the baseline composition data.  
5. Conclusions and Future Work  
Studies into the impacts of injected CO2 leaving the primary containment along faults, fractures or wellbores, 
have shown that it will most likely move not to the surface, but into the nearest geologically permeable unit, in the 
form of either gas or CO2-rich water. In many cases, this could be freshwater aquifers. As part of the site 
characterization process for the Otway Project, a pre-injection baseline has been established through a 
comprehensive monitoring program for the two key freshwater aquifers. This data represents an important 
component of the extensive monitoring and verification portfolio developed at the Otway site. 
 
This monitoring program has been continued throughout and post-injection of CO2 and has resulted in a long 
term, comprehensive, high quality data set. Injection stopped in August 2009, but the long timescales of reservoir 
processes, and the strong seasonal influence on environmental monitoring mean that at least another year is required 
to gather and analyse the hydrogeological and geochemical monitoring data. The focus will initially be on 
developing techniques, partly statistical, for the more obvious diagnostics in the dataset such as pH and HCO3-.  To 
date, the groundwater component of the assurance monitoring program has not detected any perturbation in the 
baseline condition as a consequence of CO2 injection. It is important to note that this does not necessarily indicate 
containment; it does however provide assurance to the community and regulators that the natural resources have not 
been impacted by CCS activities and can continue to be used safely. 
 
The work undertaken in this program provides a sound basis for future project-specific monitoring programs that 
will underpin industry CCS initiatives in Australia and internationally, as well as community acceptance of the 
technology. New outcomes will inform suitable risk management and mitigation strategies for project proponents 
and regulators, possibly lead to the development of national standards for monitoring and verification, and establish 
key performance indicators to be achieved for commercial CCS projects. 
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